Abstract This paper uses individual house transaction data from 1995 to 2014 in Amsterdam to explore the risks and interrelationships of the subdistrict house prices. Simple indicators suggest that house prices grow faster and are more risky in the central business district and its immediate surrounding areas than in the peripherals. Furthermore, we observe an over time decreasing intervariations between the subdistrict house price growth rates, whereas we find a lead-lag and house price causal flow from the more central to the peripheral subdistricts.
Introduction
House price developments have significant wealth effect on households because of the large outlays involved in residential property investments. In 2009, Statistics Netherlands (CBS) estimated a total of 738,449 million euros wealth in residential properties for the Netherlands. By 2012, however, the total wealth had declined to 721,018 million euros (2.36%), showing a considerable amount of financial risks involved in residential property investment. Such risks are inherent in the dynamics of house prices, which need a better understanding particularly after the 2007 -2008 .
In this paper, the aim is to compute indicators that characterise the risks of residential house prices specifically at the lower-level districts and to study the interrelationships between these subdistrict house prices. While the price risks reveal unique characteristics of the house price development in each subdistrict, the interrelationships show how the house price development in a subdistrict is connected to the growth in the other subdistricts. These analyses at the lower-level districts may unveil important residential asset wealth distribution that is not available at the aggregate national or provincial level. Such information may be of interest to stakeholders, including statistical agencies, households, institutional investors and policy makers who control the overall functioning of the citywide housing market. We obtain dataset for individual house transactions between 1995 and 2014, which enables us to analyse the case of the city of Amsterdam.
The residential property market of Amsterdam, which is also the capital city, is an interesting case to study in the Netherlands. Residential properties are usually more expensive in Amsterdam than in the other cities, which may be due to the higher demand for the capital where many employment opportunities and social amenities exist. Over time, the development pattern of Amsterdam house prices also differs considerably from other locations. Following the GFC, for example, house prices in Amsterdam declined more sharply but also recovered quicker than in other major Dutch cities, such as The Hague, Rotterdam and Utrecht.
To begin the analysis, customised house price indexes are created for the lower-level districts using the time-dummy hedonic method. We next estimate simple statistics from the indexes to characterise and to compare the risks of house prices in the subdistricts. Finally, we study two aspects of the interrelationships between the house prices: (1) the intervariation between the subdistrict house price returns (or growth rates), and (2) the lead-lag relationships between the subdistrict house prices.
The paper adopts risk metrics that include specifically the standard deviation, semideviation, and the 'decline severity'. The standard deviation is a measure of the dispersion of the temporal (period-to-period) house price growth rates from the average, while the semi-deviation is a version of the standard deviation that considers the average deviation of only values below the mean. The semi-deviation is one of the commonly used downside risk measures for investment analysis in the mainstream finance literature, but it is surprisingly applied seldom in the housing context (see Wolski 2013; Foo and Eng 2000; Grootveld and Hallerbach 1999) . The 'decline severity' is similar to the semi-deviation but captures the variation of returns which actually fall below zero.
The lead-lag relationships between the subdistrict house prices are studied using the Granger causality technique, while a version of the semi-deviation, which we refer to in this paper as the 'interdistrict deviation,' is used to study the intervariation between the growth rates. The interdistrict deviation is defined as the variation of the annual house price growth rate in one subdistrict from the growth rate across all the subdistricts. In the course of life, Dutch households usually purchase a property in a less desirable location with the intention of moving to a more desirable area when there is increase in disposable income (Banks et al. 2015; Droes et al. 2010; Sinai and Souleles 2003) . This tendency, however, could be affected by the extent of variations in the growth of house prices across the various locations. The interdistrict deviation captures these locational house price differences.
The rest of the paper is structured as follows. The method and construction of the metrics are specified in Sect. 3, following a brief overview of the literature in Sect. 2. The data are described in Sect. 4. Section 5 discusses the empirical estimates of the metrics and analyses the interrelationships between the subdistrict house prices. Section 6 summarises the results and concludes the entire paper.
Overview of the literature
This paper focuses mainly on residential property price risks and the interrelationship between the house price developments. The property price risk is here referred to as the potential loss on investment in residential properties due to a fall in property prices. It is important to study this risk because changes in house prices tend to affect the balance sheet of households and other significant parts of the economy (Dolde and Tirtiroglu 2002; Duca et al. 2010) . The 2007-2008 GFC especially has lent some credence to the notion that stress in the financial sector may ensue from collapse in real estate prices (Aalbers 2009; Baker 2008) .
Many authors use the volatility defined by the standard deviation to measure the property price risk in the literature (e.g. Ross and Zisler 1991; Miller and Pandher 2008; Dolde and Tirtiroglu 2002) . However, it is well known that this measure accounts only for the variations in the house price distribution from the average and does not necessarily capture the downside risk, which would be preferable. Jin and Ziobrowski (2011) proposed using the value-at-risk (VaR) instead of the standard deviation. This measure is a downside risk metric that indicates the worst-case loss on a portfolio held over a short period of time, given a certain confidence level (Crouhy et al. 2006) .
Although widely used in the mainstream financial literature, many researchers criticise the VaR for violating certain mathematical axioms, which, it is argued, disqualifies it from being a coherent risk measure (see Acerbi and Tasche 2002; Yamai and Yoshiba 2002; Szegö 2002) . 1 The metric is also known to be more sensitive to the underlying distribution of the price return. Where the returns are not normally distributed, for instance, it is observed that the VaR may inaccurately estimate losses, which may then tempt investors to choosing portfolios with risky profiles (Hull 2006) . This article aims to compare house price risks in smaller subdistrict markets using summary statistics. Simple summary statistics may be informative for the individual households and institutions that must make decision on housing investments in a particular subdistrict. We use three metrics (the standard deviation, semi-deviation and decline severity), which are based on localised price indexes constructed for each of the lowerlevel districts. The indexes are created with the time-dummy hedonic method (TDHM). The TDHM is a widely used approach that is based on the idea that house prices can be described by their physical and locational attributes (Rosen 1974; Malpezzi et al. 2003) . Our dataset contains details on these physical and locational features which enable application of the TDHM in this paper.
The procedure for the TDHM mainly involves a regression of time-dummy variables and the characteristics on the logged property sale prices (see de Haan and Diewert 2013; Hill 2013 ). This regression equation can easily be estimated by the method of ordinary least squares (OLS), and the estimated coefficients could then be converted into a constant quality price indexes (time-dummy hedonic price indexes). The indexes uniquely reflect the development of house prices in each of the subdistricts. Nonetheless, significant interrelationships may also exist between these subdistrict house prices. For instance, due to economic activities, such as migration and equity transfer, shocks to property prices may spread from one location to the other places with a transitory or permanent impact (Meen 1999; Holly et al. 2011 ).
The phenomenon, in which house price shocks spread over their influence from one region to another, is often referred to as the ripple or spillover effect in the literature and was first observed by researchers in the UK (Giussani and Hadjimatheou 1991; MacDonald and Taylor 1993; Meen 1999) . Later, research in other countries also supported the ripple effect hypothesis. Empirical studies by Berg (2002) , for example, using second-hand family houses in Sweden found evidence supporting the ripple effect existing from Stockholm to other regions. In the USA, Canarella et al. (2012) investigated the spatial interrelationships between house prices and concluded on a ripple effect potentially existing from the east and west coast metropolitan areas to the rest of the USA. Helgers and Buyst (2016) , who investigated the case of Belgium, also found that house price shocks are more likely to spread from Antwerp to other parts of the country. Comparable results were found in China by Gong et al. (2016b) and for South Africa by Balcilar et al. (2013) .
In the Netherlands, however, there is a dearth in the literature regarding the spatial interrelationships between house prices. This paper contributes to the subject by studying the lead-lag effect between the lower-level-district house prices of Amsterdam using the Granger causality technique. The concept of Granger causality (GC), popularised in the literature by Granger (1969) , is one of the simple empirical methods that has been used widely for testing the lead-lag effect and the ripple effect between regional house prices. It is has been applied by, for example, Giussani and Hadjimatheou (1991) and recently by Gong et al. (2016b) , who studied the ripple effect between regional house prices.
Empirical method
A time-dummy hedonic house price index is first constructed for each subdistrict. Statistics Netherlands designate 15 subdistricts in Amsterdam for official statistical purposes, which are also adopted in this paper. Rosen (1974) defines hedonic prices as the ''implicit prices of attributes that are revealed to economic agents from observed prices of differentiated products and the specific amounts of characteristics associated with them''. The timedummy hedonic model (TDHM) includes the period of transaction as one of the characteristics, following the definition of Rosen (1974) . In the notations of de Haan and Diewert (2013) , the estimating regression equation of the TDHM could be described by the model:
where p t n is the price of the nth property in the period t from the sample of N t properties with K number of characteristics z K ¼ ðz
n is the error term assumed to be white noise process, whereas D s n is the time dummy that takes the value one if p t n belongs to the sample N t and zero otherwise. T [ 1 is the length of the sample period. By omitting one of the dummy variables (usually the base period), Eq. (1) is estimated on the pooled data by the method of OLS and the index tracking the growth rate from time 0 to s is simply obtained with the exponentiation p s ¼ expðd s Þ. Here,d s denotes the estimate of d s .
Risk indicators
For each of the subdistrict (i say), we follow the above procedure to estimate the house price index from 1995 to 2014, using 1995 as the base year. After that, the standard deviation and the semi-deviation measuring the house price risks are constructed as the square root of the quantities, r 2 i and c 2 i ; respectively, defined by;
where
t is the mean house price return in the subdistrict i. The (temporal) house price returns are defined as
The semi-deviation considers only the returns below the mean, which makes it a downside risk metric that has a more appealing connotation for risk than the standard deviation.
2 Similarly, we define the 'decline severity' as the average over the growth rates that are actually below zero. This is specifically written as the square root of d 2 i , where
Because d 2 i considers only the returns below zero, the 'decline severity' may accurately capture the true losses than the semi-deviation which includes returns below the mean that do not necessarily represent losses.
Subdistrict house price interrelationships
Two aspects of the interrelationships between subdistrict house prices (the intervariation between growth rates and the lead-lag effects) are considered in this paper. We study the intervariation between the subdistrict house price growth rates, using the ''interdistrict'' deviation. The interdistrict deviation gives indication of how far house prices in a particular subdistrict are growing below the rates in the other subdistricts. It is expressly defined as the square root of / 2 i , where
L [ 1 is the total number of subdistricts. The definition of / 2 i is a version of the semivariance statistically expressed as the squared deviations of the house price growth rates d j t in the subdistricts j that fall above the rate d i t in the district i. It may be considered as the premium for a house move within the municipality. For housing-related government compensation of a sort, the interdistrict deviation may also give indication of the discrepancy between the housing worth of households which would determine the benefit in each subdistricts.
To study the lead-lag effects between the growth rate of subdistrict house prices, the pairwise Granger causality (GC) method is adopted. Let x i t and x j t be the growth rates from the respective subdistricts i and j. The empirical procedure for the pairwise GC test is to first estimate the regression equations: 
Description of data
The analysis in this paper uses dataset on individual sale transactions in Amsterdam between 1983 and 2014 . This dataset is obtained from the realtor organisation NVM. Information on about 150,000 transactions was received in total. The NVM's coverage of sales information in the Netherlands has been improving over the years. The average coverage per year is generally about 75%. However, we discovered that the NVM data had no information on the dwelling characteristics for a large portion of the sales reported prior to 1995. Since these records are needed to construct the time-dummy hedonic indexes, all observations before 1995 were discarded.
For the rest of the dataset, we sought to construct house price indexes for existing dwellings and we therefore removed newly build homes, which totalled 4169. A more detailed data cleaning was carried out following Diewert (2010) , who estimated various hedonic house prices indexes using similar dataset. Specifically, observations with missing transaction prices (these are set to -1 by the NVM) and those with unusual values (e.g. 0s, 9s) were excluded. We also omitted observations with recorded transaction prices in excess of €4 million (74), and those below €10,000 (404).
The records with extremely small house sizes 4 (below 20 m 2 ) in addition to the observations with unavailable structure sizes (3642 in total) were excluded as well. Furthermore, we deleted five observations for which the property type was unavailable or unknown. The remaining data, constituting a total sample size of 116,446, were finally divided into the 15 statistical subdistricts of Amsterdam. Figure 1 and Table 1 present the summary statistics for the remaining data. A brief look at the figure and the table indicates that during the study period, houses in Amsterdam sold for an average of about €261,513. Average house prices in less expensive areas like ZuidOost, Geuzenveld en Slotermeer, Bos en Lommer and Noord were below €200,000. The more expensive districts include the central business district (Centrum) and its immediate surroundings (Westpoort and Oud-Zuid), where average price were above €300,000. In addition to the locational attributes, there is significant disparity in the average disposable income of local residents, which may contribute to house price variations between the subdistricts (see Amsterdam 2013) .
The larger population also significantly affects house price developments in Amsterdam. 5 In 2013, for example, there was a housing deficit of almost 31,370 due to the larger number of households. The estimated number of households was about 431,370, while the total housing stock stood at about 400,000 in 2013 (Amsterdam 2013) . The housing deficit in Amsterdam is generally persistent and eventually has a considerable impact on house prices (see Dröes and Van de Minne 2015; Minne et al. 2015) .
Empirical estimation and results

Subdistrict indexes
The localised house price indexes were constructed for 15 of the Amsterdam subdistricts using the TDHM. Westpoort was omitted because there were only few observations which did not cover the entire study period. 6 The implementation of the TDHM first requires that choice be made about which dwelling characteristics to include in the regression Eq. (1). We begin with several characteristics and then exclude those features that were statistically insignificant across the fourteen districts using the p values. The final regression uses the log transaction prices as dependent variable and only seven explanatory variables, most of which are categorised into the several groups described in Table 4 .
Including the time dummies (the base period 1995 omitted for identifiability of the model), the adjusted R-squared showing the proportion of variation in log transaction prices explained across the 14 districts ranges from 80.33% to about 90.41%. The same factors in addition to the location (district) dummies indicating the districts of transaction explain nearly 84.24% of the variation in log sale prices across the whole Amsterdam. The regression result for the entire Amsterdam is presented in Table 5 .
It is noticeable that the estimated coefficients of most of the explanatory variables are statistically significant (even at the 1% level) and that they also carry the expected signs. More specifically, the coefficients of the total usable area, the number of rooms and the number of floors are all positive and statistically significant. The location of the house and the property type also play an important role in determining the property prices, as expected. Compared to the central district (Centrum), the regression results show that prices are lower in all other districts except in Westpoort. The maintenance level inside the property also has a positive impact on the price of the property. We note, however, that the maintenance level compiled by the NVM is rather more subjective to the property valuer during the transaction. The age coefficient is negatively signed, which might appear counter-intuitive at first sight. However, older dwellings tend to be more expensive because many Dutch people prefer them, especially when they are located along monumental streets and close to museums or other public areas. A further look at Table 1 and Fig. 1 indeed reveals that except Westpoort, most of the subdistricts closer to the central area of the city where properties are more expensive also have comparatively older dwellings.
The house prices indexes are constructed by the exponentiation of the estimated year dummy coefficients as described in Sect. 3. Figure 2 compares the indexes from the 14 districts with the city-wide Amsterdam price index. The plot reveals significant differences in the house price developments across the Amsterdam subdistricts. Compared to the citywide trend, house prices are generally higher and more volatile in Westerpark, Oud-West, Bos en Lommer and De Baarsjes. A few of the subdistricts (Centrum, Zeeburg and Zuidamstel) closely mimic the city-wide house price trend especially after 2005, whereas subdistricts, such as Slotervaart en Overtoomse Veld, Osdorp, Geuzenveld en Slotermeer and Zuid-Oost, that are on peripheral have lower and more stable house prices. As in Fig. 1 , it is observable here too that those subdistricts that are closer to the city centre tend to have higher house prices over time.
House price returns and risks
This subsection reports on the returns and risks of house price for the subdistricts. The temporal returns (d i t ) are displayed in Fig. 3 . The risk measures here include the standard deviation, the semi-deviation and the decline severity, which are first computed aggregately over the entire study period and then over a rolling window of five years to discern the risk development pattern over time.
The aggregate result displayed in and Geuz. en Slotermeer. Similarly, the standard deviation, semi-deviation and the decline severity all suggest that houses prices are of higher risk in Westerpark, Oud-West, De Baarsjes, Oud-zuid, centrum and Zeeburg than in the other subdistricts, which are more on the peripheral of the city. Figure 4 displays the subdistrict risk developments overtime. The figure shows significant differences in the risk level between the subdistricts. The pattern overtime, however, do not vary much. For all subdistricts, the semi-deviation shows that house prices risk increases from 1995 until 2003 after which it became fairly stable. The decline severity, on the other hand, indicates that the house price risk was relatively stable for all subdistricts but increased sharply after 2008.
In 2007-2008, the GFC had a dramatic and negative impact on house prices and this is captured well by the decline severity measure. Following the crisis, house prices fell in Amsterdam by almost 12.56% between 2008 and 2013 (see Figs. 2, 3) . Figure 4b , however, shows that the impact of the GFC varied significantly across the Amsterdam subdistricts. The impact appears severer especially in Oud-zuid, Oud-West, Zuideramstel, centrum and De Baarsjes, where house price returns below zero is higher between 2008 and 2103 (Fig. 4b) . Although the semi-deviation and decline severity tend to have comparable risk values after 2008, the decline severity may be more accurate because it actually considers returns which are below zero. The semi-deviation, on the other hand, uses values below the average return that in principle may not indicate actual losses.
Subdistrict house price interrelationships
Intervariation
The intervariation is use to mean the extent to which a particular subdistrict house price growth (or return) fall below the city-wide values. The intercity deviation (Eq. 4) is used to quantify the intervariations. The metric is computed first using the average of the indicated subdistrict deviation below the Amsterdam aggregated city-wide return series and then Fig. 2 ) generally have larger variation of house price returns below the average. Similarly, OudWest, De Baarsjes, Oud-Zuid and Watergraafsmeer, among other subdistricts, with relatively expensive houses tend to exhibit lower return deviation below the city-wide average. For most subdistricts, the pattern over time (Fig. 5b) shows a slightly decreasing trend before 2008, while there are no significant changes afterwards. 
Lead-lag effect
The subdistrict house price returns may also exhibit lead-lag effects, besides the significant intervariations that exit between them. The lead-lag effect is confirmed in this paper using the Granger causality (GC) approach. In implementing the GC test, it is important that the house price return series are statistically stationary. The commonly used ADF (Dickey and Fuller 1979) and KPSS (Kwiatkowski et al. 1992 ) tests both confirm that the house price return series are stationary at sufficient statistical significant levels (see Table 6 ). Table 3 summarises the results of the pairwise GC test, where the null hypothesis is that the subdistricts on the row do not Granger cause those on the columns. At the 5% statistical significance level, the results show considerable lead-lag effects between the subdistricts, with growth of house prices in any subdistrict being Granger-caused by at least one other subdistrict prices. Westpark house price returns, for example, is Granger-caused by as many as nine other subdistricts. Geuzenveld en Slotermeer and Osdorp are equally Granger-caused by eight and seven other subdistricts, respectively.
The pattern of lead-lag effects appears spatially complicated with the Granger causality not necessarily existing between subdistricts that border each other. However, it is observable that the causal flow occurs most from the more central subdistricts and close environs, including Zeeburg, Centrum and Oud-Zuid. Chen et al. (2011) and Gong et al. (2016a) similarly found that house price lead-lag effect and causal flow occur predominantly from the central to the peripheral districts. Meen (1999) suggests this kind of house price spatial interrelationship might occur through socio-economic activities such as internal migration and equity transfer (see also Pollakowski and Ray 1997) .
Concluding remarks
The 2007-2008 Global Financial Crisis (GFC) has given greater impetus to research seeking understanding into the dynamics and risks of house prices. Using dataset from Amsterdam on individual house transactions, this paper has explored summary statistics to measure the house prices risks and investigated the interrelationships between the subdistrict house prices. The summary statistics adopted are, namely, the standard deviation, Ã, ÃÃ and Ã Ã Ã denote statistical significance at the 10, 5 and 1% respectively Risks and interrelationships of subdistrict house prices: the… 221 semi-deviation and the decline severity, which is a variant of the semi-deviation. The interrelationships considered include the intervariation between the subdistrict house price returns and the lead-lag effects, which are studied within the Granger causality framework. The key observations and conclusions of the paper could be summarised as the following. (1) House prices are generally more expensive and grow faster at the more central subdistricts and the immediate surroundings than in the peripherals. (2) There is an over time decreasing trend in the intervariations between the subdistrict house price returns. The intervariations are especially higher before the GFC, while they are lower and fairly constant afterwards. (3) The lead-lag relationships and house price causal flow occur most from the central to the peripheral subdistricts and this is similar to earlier empirical results by Gong et al. (2016a) and Chen et al. (2011) .
In application, the risk metrics used in this paper may be of interest to statistical agencies. The metrics reveal important trends that are consistent generally with the Dutch house price development cycles. The decline severity especially is promising as a publishable risk metric for the housing market. It measures the variation of the temporal house price returns that are actually below zero and seems to capture the higher property price risk after the GFC more accurately than the other indicators (see Fig. 4 ). The results of the paper also provide useful information for policy regulations and for housing investors. For housing-related government compensation, for example, the interdistrict deviation may indicate the discrepancy between the housing worth of households which would determine the benefit for households in each subdistricts. The results indicating the risk distributions across the subdistricts and the interrelationships between the subdistrict house prices may equally guide investors to choose desirable locations for their investments.
For further investigation, however, it might be insightful to consider other empirical methods and the application of a more complex economic model to investigate the interrelationships between the subdistrict house prices. As Meen (1999) suggests spatial interrelationship between house prices might occur through socio-economic activities, including internal migration. The internal migration dynamics may be considered explicitly in the economic model. 
